Neutron scattering experiments were performed on single crystals of layered cobalt-oxides La 2−x Ca x CoO 4 (LCCO) to characterize the charge and spin orders in a wide hole-doping range of 0.3x0.8. For a commensurate value of x=0.5 in (H,0,L) plane, two types of superlattice reflections concomitantly appear at low temperature; one corresponds to a checkerboard charge ordered pattern of Co 2+ /Co 3+ ions and the other is magnetic in origin. Further, the latter magnetic-superlattice peaks show two types of symmetry in the reflections, suggesting antiferromagnetic-stacking (AF-S) and ferromagnetic-stacking (F-S) patterns of spins along the c direction. From the hole-doping dependence, the in-plane correlation lengths of both charge and spin orders are found to give a maximum at x=0.5. These features are the same with those of x=0.5 in La 1−x Sr 1+x MnO 4 (LSMO), a typical checkerboard and spin ordered compound. However, in (H,H,L) plane, we found a magnetic scattering peak at Q=(1/4,1/4,1/2) position below T N . This magnetic peak can not be understood by considering the Co 2+ spin configuration, suggesting that this peak is originated from Co 3+ spin order. By analyzing these superlattice reflections, we found that they are originated from high-spin state of Co 3+ spin order.
atmosphere. After repeating this grinding and sintering process three times, the powder sample was pressed into a rod with a size of 6 mmφ 100mm and sintered at 1,100 for 24h. Single crystals of La 2−x Ca x CoO 4 were grown by floating-zone method at a feeding speed of 3 mm/h in air. The ceramic compounds were confirmed to be a single phase using powdered portion by x-ray powder diffraction. The cylindrical crystals studied here for neutron scattering were about 5 mm in diameter and 30 mm in length. Typical FWHM mosaic was about 0.1. The lattice constants of x = 0.5, for example, can be indexed in tetragonal notation of I4/mmm, however the crystal structure of x=0.5 is found to be orthorhombic (space group A2mm) at room temperature from recent convergent beam electron diffraction measurements. Thus, we use the orthorhombic unit cell (e.g., a'b'5.418 and c'12.469 for x=0.5).
Neutron scattering experiments were carried out on triple-axis spectrometers TOPAN and AKANE at JRR-3 in Japan Atomic Energy Agency, Tokai. Pyrolytic-graphite (PG) (0,0,2) reflection was used as a monochromator and an analyzer for TOPAN, and higher-order contaminations were removed by inserting two PG filters in the beam path. On the other hand, a combination of Ge (3,1,1) monochromator and PG (0,0,2) analyzer was employed for AKANE and no filters were attached owing to the forbidden Ge The sample was mounted in a 4 He-cycle-type refrigerator, allowing wave-vector transfers in the (H,0,L), (H,H,L) scattering plane.
Magnetic and charge order (x=0.5)
In the previous LSCO neutron study 5) , magnetic peaks were observed at reciprocal lattice positions around (H,0,L) with H=half-integer and L=odd, while structural/charge ordered peaks were observed with H=odd and L=integer. In order to explore the charge and magnetic orders in the half-doped LCCO with x=0.5, we searched such the super-lattice structures in the (H,0,L) plane by using three trajectories from "scan A" to "scan C" as seen in the inset of Fig.1 .
Before considering the actual data, it is essential to understand the distribution of Bragg points in the reciprocal-lattice plane because of the twin structure in the orthorhombic phase, the a* and b* axes are superposed. In the inset of Fig.1 we show the nuclear, structural and magnetic Bragg reflections in an a*(b*)-c* reciprocal-lattice plane of the orthorhombic twin structure. The circle, triangle and square denoted the primary, structural and magnetic reflections, respectively, while filled and open figure means A2mm and Bm2m twin structure, respectively. Since the half-integer peaks disappear above T N , they should be magnetic scattering. On the other hand, the origin of the odd peaks must be nuclear (or charge) because the cross sec-
tion is independent of temperature up to 71 K. Thus, a checkerboard type of charge order on Co 2+ /Co 3+ is expected to realize in LCCO system. Figure 2 [ (1,0,L) or (0,1,L)] shows a Q spectrum of the "scan B" at 10 K. If our sample has only the single domain A2mm, we should observe the structural scattering for L=even. However, an integer-peak structure is clearly seen, indicating that our crystal has the twin structure. It is consistent with the checkerboard-type charge order observed in LSCO 5) and LSMO 2) . Indeed, this order persists up to room temperature (not shown). However, this profile of LCCO is clearly different from that of LSCO system. In order to contrast to the LCCO and LSCO system, we fit the structural scattering spectra, a Lorenzian cross section was convoluted with the spectrometer resolution function using the program ResLib 14) . The correlation length of checkerboard charge order is half-integer (Inset: Fig.3 ), it was found that the magnetic peaks with L=half-integer was sharply changed at T N , while that of L=integer was gradually changed. Thus, it is clear that two magnetic peaks are obviously different in origin. configuration and two types twin structure. Figure 4 shows the schematic spin and charge configuration model in La 1.5 Ca 0.5 CoO 4 . Four magnetic domains are realized by considering the spin configuration and twin structure. As a stacking, we considered that there is a stacking vector along the [0,1/2,1/2] direction because A2mm has two equivalent site, (0, 0, 0) and (0,1/2,1/2). As LCCO has the twin structure, the stacking vector should be along the two directions. Therefore, magnetic peaks with L=half-integer (integer) can be explained by B-I(A-I I) magnetic domain in (0.5,0,L). In brief, each magnetic reflection is contributed from about 25% magnetic domains. We analyzed the spin structure based on this model as discussed later.
Next, we searched new super-lattice reflections in the (H,H,L) plane. Table II shows the Ca dependence of charge and magnetic correlation lengths. In the low doping range of x<0.5, the charge and magnetic correlation lengths were rapidly decreased with decreasing x. On the other hand, charge correlation lengths of high doping range were gradually decreased with increasing x. Particularly, magnetic correlation lengths tend to increase with increasing x. This tendency suggests that charge and spin orders are strongly correlated with each other. We discuss the strange Ca dependence of magnetic correlation lengths in a
next section.
Comparing the results for LCCO with those of the half-doped perovskites, we concluded that the spin and charge configurations in the present system were almost similar with those of LSMO. However, some features of LCCO are different from that of LSMO system. First is the magnetic structure. Neutron and x-ray diffraction measurements revealed that CEtype charge/spin ordering is realized in LSMO system. In (H, H, L) ortho zone, the magnetic reflections originated from Mn 4+ site in the CE-type spin ordering can be observed at the ((2n+1)/2,(2n+1)/2),m/2) positions, here, n and m are integers, respectively. On the other hand, magnetic scattering due to the Co 3+ exhibits peaks at H = (2n+1)/4, L=m and m/2 position. These observed peaks are obviously different from that of the CE-type spin structure and it is necessary to determine the spin structure for LCCO system. Second, in the entire x range searched for LCCO, charge and spin ordered peaks coexist, whereas the coexisting phase appears only in the vicinity of LSMO. Third is the Ca concentration dependence of charge order. Long-range checkerboard charge order is present in the wide Ca concentration range and no incommensurability was observed in all cases. On the other hand, charge ordering disappears at x=0.45 in LSMO. Moreover, at doping x>0.5, long-range structural order is present and this order is incommensurate with the lattice. To understand these LCCO characters, we discuss the hole carrier mobility, A site substitution effects and spin structure analysis
discussion
Commensurability of CO is present in LCCO system at all doping range, while this order is incommensurate in LSMO system. One of the possible interpretation for their difference is hole carrier mobility. The resistivity of LCCO system is insulating over the whole temperature range. By contrast, the resistivity of LSMO is considerably small (ρ'2×10 −1 ·cm at 300K). The difference of resistivity can be ascribed to the bandwidth, which of LSMO is relatively larger than that of LCCO. Thus, it is expected that charge and magnetic orderings are suppressed by Sr doping in LSMO, and lead to the incommensurability of charge ordered peaks. On the other hand, electrons are localized in LCCO and commensurate charge and magnetic orderings are observed in a wide x range. The other possibility is the relationship between incommensurability ǫ and e g electron density n e . In LSMO system, Larochelle reported that incommensurability ǫ shows the ǫ'2n e law at doping range x>0.5. Applying this model to LCCO system, commensurate CO can be understood by assuming high-spin state of Co 2+
and Co 3+ .
We considered that the correlation length difference between LCCO and LSCO is due to the bandwidth and disorder of A site ions. In the layered manganite case 4) , Mathieu et al. ( i x i = 1) and electronic radii of the different i cations on the A site, respectively. In LCCO system, r A and σ 2 are very small value (r A '1.15Å, σ 2 '3×10 −4Å2 ) while, those of LSCO are larger (r A '1.19Å, σ 2 '2×10 −3Å2 ). Therefore, Ca system has a smaller bandwidth and disorder than that of Sr system and the long-ranged CO are expected in LCCO. Thus, we concluded that the difference of charge correlation length between Ca and Sr can be explained by the bandwidth and disorder of the A site ions. Figure 7 -(a),(b) indicate that magnetic scattering due to the type-I stacking is dominant for a low doping region (x<0.5), while that of type-II stacking is dominant for a high doping (x>0.5). And broad L-dependent peaks are observed in a low doping region and maximized at x=0.5, however these peaks are suppressed in a high doping region. From these results, we concluded that the type-I and II stacking domains are changed by Ca concentration region.
The boundary of type-I and II domains is expected to be at x=0.5 because two-types of magnetic scatterings are dramatically changed in a narrow region at x=0.5. From this finding, we explain the Ca dependence of broad L-dependent peaks and magnetic correlation lengths. In the low doping region, broad L-dependent peaks are observed because two-magnetic domains are formed by Ca concentration. In particular, the broad peak at x=0. Finally, we analyzed the magnetic scattering due to Co 2+ spin order in the (H,0,L) plane to determine the magnetic structure. In our analysis, we assumed that the magnitude of all
Co-moments at crystallographically equivalent site was equal. We used the isotropic Co 2+ magnetic form factor which was reported in ref. 19 ). For the spin direction, we used the following equation
where θ is the angle between the scattering vector and the CoO 2 plane. Φ s is the angle between Fig.4 ). As mentioned above, we assumed that the observed magnetic reflections represent following equation.
Here, r is the volume fraction of magnetic domains and we defines r(A-II) as 0.
-r(B-I).
We can qualitatively explain the results by assuming r(B-I) =0.315 in four domain model, indicating that the analyzed magnetic structure is essentially correct. This magnetic volume fraction r is consistent with the assumption that type-I magnetic domain is dominant. Since the obtained magnetic moment of the Co 2+ is 2.86(19)µ B , which is almost as same as the value in a high-spin state of Co 2+ , we concluded that Co 2+ is in the HS state.
In order to confirm reasonability of the analysis, we analyzed the spin structure of La spins, static spin ordering is robust because magnetic ordering was observed at all Ca concentrations. On the other hand, Co 3+ spins are weakly ordered because no magnetic ordering is observed for x=0.4, 0.6 (not shown). This physical picture can be easily understood by introducing spin frustration between Co 2+ and Co 3+ spins. One of the possible interpretation to realize this spiral structure is the competition of exchange interactions. However, it is not so straightforward to understand why the spiral ordering is realized below T N . The clue to this problem might be obtained by the future study on the Ca concentration dependence in the LCCO system.
conclusion
We have studied various Ca concentration of magnetic and charge orders in LCCO by elastic neutron diffraction. By comparing the LSCO system, LCCO exhibits long-ranged magnetic and checkerboard charge orderings. This difference can be explained by the bandwidth and disorder of A-site ions. This result also indicates the importance of the bandwidth and disorder by A-site ion radius in layered cobalt oxides. At x=0.5, we found the structural and two-types of magnetic scatterings in (H,0,L) plane. In the magnetic structure analysis, we can qualitatively explain the neutron scattering results by four domain model. The magnitude of the Co 2+ moment was 2.86(19)µ B and we concluded that Co 2+ is in the HS state. For magnetic scattering in (H,H,L) plane, these magnetic scattering intensities are originated from Co 3+ spin order because this peak can not be understood by the Co 2+ spin configuration.
The magnitude of the Co 3+ moments is 3.64(23)µ B , suggesting that Co 3+ is also in the HS state. We think that this finding will explain the inconsistency between neutron and magnetic susceptibility measurements in LSCO.
For hole-doping dependence, we observed robust commensurate charge ordered peaks in a wide doping range. Although charge ordered peaks are insensitive to x, magnetic scattering pattern are drastically changed at x=0.5. The type-I reflections appear for x<0.5, whereas it switched to the type-II reflections for x>0.5. Our results for doping dependence of magnetic and charge orderings give a refined understanding of the phase diagram of layered cobaltates.
However, it is not clear why the magnetic spin structures are dramatically changed at x=0.5.
Moreover, hole-doping dependence of magnetic scattering for Co 3+ is not so well understood.
To clarify the clues, the investigation of the hole-doping effect is now in progress by our group.
Acknowledgment
The author acknowledges invaluable discussions with Profs. K. Asai, M. Suzuki and K. 
